ABSTRACT ABSTRACT ABSTRACT ABSTRACT. The electrochemical oxidation of dopamine and 3,4-dihydroxymethamphetamine (HHMA) has been studied in the presence of GSH and cysteine as a nucleophile. In order to determine the optimized geometries, energies, dipole moments, atomic charges, thermochemical analysis and other properties, we performed quantum chemical ab initio and density functional calculations at B3LYP level with 6-31G* basis set. The structural and vibrational properties of 5-S-glutathionyldopamine, 5-S-cysteinyldopamine and 5-S-Nacetylcysteinyldopamine are studied. The chemical shifts of anisotropy and ∆δ are calculated. The gaugeinvariant atomic orbital (GIAO) method was employed to calculate isotropic atomic shielding of compounds. These calculations yield molecular geometries in good agreement with available experimental data. The bond lengths, bond angles, dipole moment, electron affinity, ionization potential, electronegativy, absolute hardness, highest occupied molecular orbital (HOMO) and the energy of the lowest unoccupied molecular orbital (LUMO) of the studied compounds were calculated in gas phase and water. NMR analysis of dopamine-o-quinoneglutathione conjugate revealed that the addition of glutathione was at C-5 to form glutathionyl-dopamine.
INTRODUCTION
Catechol autoxidation is particularly interesting because the resulting o-quinones are chemically reactive toward several cellular nucleophiles, with thiolates being greatly favored kinetically. Indeed, adduction by thiolates occurs more rapidly than o-quinone reduction by ascorbate [1] . The products of thiolate addition to o-quinones are called catechol thioethers. In biological systems, catechol thioethers form mostly with free cysteine, GSH, or protein-bound cysteine [2] . Catechol thioethers may also be formed from norepinephrine by similar chemical reactions [3] ; however, most research effort has been directed at catechol thioethers derived from dopamine and its metabolites. Glutathionyl and cysteinyl catechol thioethers derived from dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) have been identified as the major non-protein-bound catechol thioethers in the striatum and midbrain of humans and other mammals. In fact, the cysteinyl catechol thioethers have been studied as biomarkers of catechol oxidation. Increased levels of 5-S-cysteinyldopamine (Cys-dopamine) and 5-S-cysteinyl-DOPAC (Cys-DOPAC) in midbrain and striatum have been associated with nigral degeneration, advancing age, and oxidant stress [4] . Hence, it has been proposed that catechol thioether formation contributes to dopaminergic neurodegeneration by depleting GSH [5] . Alternatively, catechol thioethers may also act directly or indirectly as endogenous neurotoxins. The physiological relevance of GSH conjugation of o-quinones derived from catecholamines depends upon the existence of these metabolites in vivo. The conjugate 5-S-glutathionyldopamine is the precursor of 5-Scysteinyldopamine. Indeed, 5-S-cysteinyldopamine has been detected in cerebrospinal fluid of PD patients and control subjects by using HPLC [6] . The physiological relevance of GSH conjugation of dopamine o-quinine to 5-S-glutathionyldopamine as a neuroprotective reaction is supported by the finding that formation 5-S-glutathionyl-and 5-S-cysteinyl-dopamine prevented dopamine-mediated DNA damage in a dose dependent manner [7] .
Over the past 20 years, (±)-3,4-methylenedioxymethamphetamine (MDMA) has gained great popularity as a recreational drug, mainly among young people, due to its stimulant and hallucinogenic properties [8] . However, there are many concerns over its short-term and longterm effects. First, abuse of MDMA is associated with the risk of severe, sometimes fatal, intoxication [9] . Second, there is considerable evidence to indicate that MDMA has neurotoxic potential toward brain serotonergic and/or dopaminergic nerve terminals [10] .
MDMA metabolism proceeds via two pathways, which operate in unison but at different rates, deponding on species [11] . In humans, MDMA is essentially metabolized, through Odemethylenation, into 3,4-dihydroxymethamphetamine (HHMA), whereas N-demethylation leading to 3,4-methylenedioxyamphetamine (MDA) constitutes a minor metabolic route (Scheme 1) [12] . Because of its catechol moiety, HHMA can be easily oxidized to the corresponding o-quinone species which exhibits a double reactivity. First, it can undergo redoxcycling which originates semiquinone radical and leads to the generation of reactive oxygen species. Second, it behaves as a highly electrophilic compound which can be conjugated with thiol nocleophils such as glutathione (GSH), to from the 5-(glutathione-S-yl) mono-conjugate. A few studies have investigated the potential biological activity of catechol thioethers and their products. The GSH conjugation of the o-quinones of dopamine and dopamine is an important antioxidant and neuroprotective reaction, which may have relevance in the prevention of degenerative processes of the dopaminergic system in human brain. Therefore, with the aim of investigation of reactivity of dopamine toward thiols, we investigated the electrochemical oxidation of dopamine and HHMA in presence of GSH, cys or acscys.
COMPUTATIONAL METHODS
The system used in calculations consists of dopamine and HHMA in presence of GSH, cys or acscys.
All the systems were optimized at B3LYP density functional theory (DFT), using the Gaussian 98 [13, 14] suite of program has performed the calculations. NBO calculations have been done at the B3LYP/6-31G* /6-31G* method. The second-order perturbative estimates of donor-acceptor (bond-antibond) interactions have been done on the NBO basis [15, 16] . This was carried out by examining all possible interactions between filled (donor) Lewis type NBOs and empty (acceptor) non-Lewis NBOs and estimating their energetic importance by two second-order perturbation theory. Since these interactions lead to loss of occupancy from the localized NBOs of the idealized Lewis structure into the empty non-Lewis orbitals (and thus, to departures from the idealized Lewis structure description), they are referred to as delocalization corrections to the zeroth-order natural Lewis structure. For each donor NBO (i) and acceptor NBO (j) the stabilization energy E (2) associated with delocalization (2e-stabilization) i→j is estimated as
where q i is the donor orbital occupancy, εi and εj are diagonal elements (orbital energies) and F(i,j) is the off-diagonal NBO Fock matrix element. All NMR analysis have been performed using 6-31g* basis set and HF and B3LYP levels. GIAO methods [17, 18] are used to calculate the isotropic NMR shielding at the B3LYP/6-31g*, HF/6-31g* of theory.
Interaction energies (∆E) are calculated due to the difference between the total energies of adducts with the sum of the components.
The variation in zero point energies were considered together thermochemical analysis at 298 K in order to obtain entropy (∆S) and free energy (∆G) variation for the considered process. Bond enthalpies at 298 K and 1 atm (H) were calculated from 0 K electronic bond (E) assuming an ideal gas:
Here ∆E trans,298 , ∆E rot,298 and ∆E vib are the differences between products and reactants in translational, rotational and zero-point vibrational energy corrections are based on our frequency calculations. The molar work term ∆(PV) is (∆n)RT; ∆n = -1 for two fragments combining to one molecule.
Ab initio calculation of nuclear magnetic shielding has become an indispensable aid in the investigation of molecular structure and accurate assignment of NMR spectra of compounds.
RESULTS AND DISCUSSION
The oxidative pathway of dopamine metabolism in the human brain leads to the formation and accumulation of neuromelanin in the cytoplasm of most nigrostriatal dopaminergic neurons [19] . The biosynthesis, structure and physiological functions of neuromelanin in the human substantia nigra are not well understood so far. It is generally accepted that the pigment synthesis starts from the oxidation of dopamine (DA) to its o-quinone, which easily undergoes intramolecular cyclization and further oxidation to dopaminochrome. The rearrangement of dopaminochrome to 5,6-dihydroksyindole, and subsequently oxidative polymerization of the latter compound lead to the formation of indolic eumelanin. In vitro studies major product [20] , 5-S-CysDA is more easily oxidized than DA to form benzothiazine derivatives [21] . Such reactions are believed to occur under physiological conditions because 5-S-CysDA has been detected in certain dopaminergic regions of brain (including substantia nigra) and in cerebrospinal fluid of normal human subjects [22] . Moreover, degradative studies of neuromelanin isolated from human substantia nigra have indicated a significant incorporation of 5-S-CysDA-derived units into the polymer. DA o-quinone is also efficiently conjugated with reduced glutathione to form 5-S-glutathionyldopamine [20] . Although this conjugate has not been detected in the brain, it is postulated that 5-S-CysDA may result from hydrolysis of 5-Sglutathionyldopamine by intraneuronal peptidase enzymes [23] .
It is not clear whether the conversion of dopamine into neuromelanin in vivo requires an enzyme contribution. Peroxidase [24] , monoamine oxidase, lipoxygenase [25] and prostaglandin H synthetase [26] have been suggested to be involved in neuromelanin biosynthesis. On the other hand, it has been postulated that neuromelanin formation is an autoxidative process mediated by reactive oxygen species. Heavily melanized dopaminergic neurons of the nigrostriatal pathway are known to be particularly susceptible to oxidative stress and degeneration in Parkinson's disease [27] . The contribution of neuromelanin to the pathogenesis of Parkinson's disease [28] is still an open question. In vitro studies have demonstrated that the pigment could act either as an antioxidant or as a peroxidation-stimulating factor [29, 30] .
The conjugation of dopamine o-quinone to 5-S-glutathionyldopamine can be the precursor reaction of 5-S-cysteinyldopamine. In the rat brain it has been demonstrated that 5-Sglutathionyldopamine conjugate is rapidly metabolized to 5-S-cysteinyldopamine in reaction mediated by gama-glutamyl transpeptidase (gamma-GT) and cysteine conjugate Nacetyltransferase. Therefore, it seems plausible that 5-S-glutathionyldopamine can be converted by gamma-GT and N-acetyltransferase to form 5-S-cysteinyldopamine. 5-S-cysteinyldopamine has been detected in cerebrospinal fluid of Parkinson , s disease patitents and control subjects. 5-S-cysteinyldopamine has been reported to be the main source of the pheomelanin moiety of human neuromelanin isolated from the substanita nigra.
Reaction mechanism and reaction pathway
The dihydroxyindoles are oxidized and quinines appear that can react with other molecules through positions 2, 5 and 6. Amines and thiols groups react by a nucleophilic attack at position 5 or 6 of the ring, due to the blockage of position 2. GSTs are a ubiquitous family of multifunctional proteins. As enzymes, they catalyze the nucleophilic addition of reduced cysteinyl thiol or GSH to a wide variety of hydrophobic electrophiles, including quinones, as well as epoxides, organic halides and activated alkenes
The electro-oxidation of dopamine and HHMA in the presence of GSH is considered to involve the Micheal acceptor o-quinone as an intermediate that could be attached at position 5 or 6 to yield glutathione mono-conjugate. Calculated activation energy of oxidation reactions is 4834.26 (R = H) kcal/mol and 771.8 (R = CH 3 ) kcal/mol.
Gas phase results
In order to study mechanism of the reactions, structure corresponding to reactants, transition states and products were optimized in level of theory. Figure 1 shows the optimized structures of reactants, intermediates for paths A and B. Their selected geometrical parameters are given in Table 1 . The intermolecular C 5 -S, C 5 -C 6 and C 5 -C 4 distances increase in 5-S-glutathionyldopamine. Characterizations of these bonds have been studied by the NBO method. Table 1 . Selected geometrical parameters for reactants and products in B3LYP/6-31G* levels of theory (distances in angstrom and angles in degree). 
Compounds C5-S C5-S-CGSH C5-C6-S-CGSH C5-C6 C5-C4 CGSH-S 5-S

Thermochemical analysis
Thermochemical analysis is studied for the compounds. The values of ∆H, ∆S and ∆G are reported in Table 2 . The equilibrium constants of compounds are also given in Table 2 . The ∆G value of S-cysteinyldopamine is more than 5-S-glutathionyldopamine which shows the stability of S-cysteinyldopamine is less. The thermochemical values were calculated and are given in Table 3 . The difference of the results of calculation using DFT and HF are not significant, that were shown the robustness and validity of the results. Gibss free energy of quinones is smaller than that of dopamine and HHMA. 
Population analysis
The Mulliken population analysis, like all atomic charge assignment schemes, is an arbitrary method for assigning atomic charges. Generally, changes in the Mulliken population provide a reasonable estimation of changes in electron density within closely related molecules. Mulliken population analysis assigns atomic charges by dividing molecular orbital overlap even between each pair of atoms involved in a chemical bond. To identify any artifacts in the Mulliken population analysis, a natural bond orbital was also performed. Charge distribution of selected atoms were calculated by B3LYP/6-31G* method (Table 4 ). This analysis shows large charges of C, C 5 and S atoms. Charge on S atom are increased to positive values in 5-Scysteinyldopamine, Natural charges of atoms are reported in Table 4 . The results in Table 4 shows that in DFT study of 5-S-glutathionyldopamine and 5-S-cysteinyldopamine with decrease of charge of C 5 atom and increase of charge of C gsh or C cys , charge of sulfur increase. Also in 5-Sglutathionyldopamine the difference of atom charge of C 5 and sulfur is less. Therefore the bonds become weaker. The small interaction energy is also reflected in electron distribution at the atoms and the corresponding charges. Table 5 summarizes the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO) and HOMO and LUMO energy gaps, dipole moment (µ), ionization potential (I), electron affinity (A), absolute electronegativity (χ) and absolute hardness (η) for compounds calculated at DFT level in 6-31G basis set. The eigenvalues of LUMO and HOMO and their energy gap reflect the chemical activity of the molecule. Then (I-A) is simply the difference in energy between the HOMO and LUMO. Soft molecules have a small energy gap. Low "I" creates a better electron donor and large "A" makes a better electron acceptor.
Tomasi's polarized continuum model (PCM) [31] defines the cavity as a union of represented numerically. PCM has proved usefulness in describing the effects of the solvent on some characteristic of the molecule in solution. A dipole in molecule will induce a dipole in medium, and the electric field applied by the solvent dipole will in turn interact with the molecular dipole, leading to net stabilization. The parameters have changed in water. Table 5 . The calculated amounts of HOMO and LUMO energies, dipole moment (µ), ionization potential (I), electron affinity (A), absolute electronegativity (χ) and absolute hardness (η) with the DFT/6-31G* basis set.
The calculated parameters in water are presented in parenthes. Table 6 shows the hybridation coefficient of bonds C ring -S and C gsh -S or C cys -S involved in formation of adducts in gas phase, calculated by NBO method at B3LYP/6-31G*. NBO calculation shows the N or O-bonding contribution in the compounds. A filled bonding or lone pair orbital can act as a donor and an empty or filled bonding, antibonding or lone pair orbital can act as acceptor. These interactions can strengthen and weaken bond. For example, a lone pair donor antibonding acceptor orbital interaction will weaken the bond associated with the antibonding orbitals.
Conversely, an interaction with bonding pair as the acceptor will strengthen the bond. Strong electron delocalization in a best Lewis structure will also show up as donor-acceptor interaction. Table 6 . Hybridation coefficient of bonds calculated by NBO method in B3LYP /6-31G* level.
Some of the frequency assignments for these compounds are given in Table 7 . In Table 7 , a very strong band at 1700-1770 cm -1 is assigned to C=O stretching vibration of 5-Scysteinyldopamine. Peaks of 2800-3100 cm -1 are assigned to stretching vibration of CH aromatic ring. Peaks of strong intensity at 3600-3700 cm -1 are assigned to phenol, stretching vibrational of -NH 2 group is observed at 3400 cm -1 . Isotropic spectroscopic shielding for all the atoms are reported and chemical shifts of anisotropy of C and H are calculated and isotropic shifts of atoms are decreased from isotropic shift of TMS (Table 8 ).
In Table 8 are shown that oxygens of carboxylate group have lower shifts than hydroxyls. In 5-S-cysteinyldopamine, nitrogen of amine group binding to dopamine have more shift than other compounds. The carbons binding to OH group have ∆δ of more positive than carbon binding to sulfur.
For formation of adducts C 3 -dopamine were contacted to glutathionyl acid, cysteine and Nacetylcysteine. The comparison of experimental and calculated 13 C NMR spectrum of adducts are given in Table 9 . These calculations yield molecular geometries in good agreement with available experimental data. Table 7 . Frequencies (cm -1 ) of compounds in B3LYP functional using basis set 6-31G* in gas phase.
Compounds C5-S16 S16-C21 5-S-cysteinyldopamine 5-S-glutathionyldopamine 5-S-N-acetylcysteinyldopamine S 0.6912(sp 3.25 )C5 + 0.7226(sp 5 5-S-cysteinyldopamine 5-S-glutathionyldopamine 5-S- N-acetylcysteinyldopamine  3623  3579  3102  2824  2800  1754  1699  1642  1474  1414  1120   3729  3390  3321  3122  2834  1885  1772  1691  1564  1563  1429  1274  1234  1187   3725  3334  3202  3149  2059  1969  1792  1703  1661  1556  1454  1381  1145 Table 8 . Isotropic, relative (to TMS) shifts in ppm and parameter of ∆δ in HF/6-31G* level. Table 9 . Isotropic shift, relative (to TMS) shifts in ppm for 13 C NMR of using GIAO method at HF and B3LYP functional using basis set 6-31g* adducts and dopamine. 
